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I n t r o d u c t i o n  

P o l y c y c l i c  a r o m a t i c  compounds (PAC) have  been d e t e r m i n e d  i n  t h e  
g a s  and p a r t i c u l a t e  e f f l u e n t s  f rom f l u i d i z e d  bed c o m b u s t i o n  o f  c o a l ,  
l i g n i t e ,  and o i l  s h a l e  by a number o f  i n v e s t i g a t o r s .  A b i b l i o g r a p h y  
o f  t h e  r e p o r t s  of t h e s e  i n v e s t i g a t i o n s  i s  c o n t a i n e d  i n  a p a p e r  by 
C h l u ,  Walsh,  Beer, and Eiemann ( 1 9 8 3 ) .  The c o n c e n t r a t i o n s  o f  P A C  i n  
t h e  e f f l u e n t s  a r e  o f t e n  q u i t e  l o w ,  b u t  depend  upon t h e  combus to r  
c o n f i g u r a t i o n  and o p e r a t i n g  c o n d i t i o n s .  The g o a l  o f  t h e  p r e s e n t  
i n v e s t i g a t i o n  i s  t o  d e v e l o p  a mechanism c o n s i s t e n t  w i t h  measu red  r a t e s  
o f  f o r m a t i o n  and d e s t r u c t i o n  o f  P A C  i n  a t m o s p h e r i c  p r e s s u r e  f l u i d i z e d  
bed combus t ion  (AFBC), so  t h a t  a r a t i o n a l  a p p r o a c h  may be t a k e n  t o  
a d j u s t m e n t  o f  c o n d i t i o n s  f o r  m i n i m i z a t i o n  o f  P A C  i n  t h e  e f f l u e n t s .  
PAC a r e  d e t e r m i n e d  i n  s a m p l e s  t a k e n  from t h e  f r e e b o a r d  ( s p a c e  above 
t h e  b e d ) ,  r a t h e r  t h a n  from t h e  e x h a u s t ,  t o  o b s e r v e  t h e  e v o l u t i o n  o f  
t h e  PAC d i s t r i b u t i o n  w i t h i n  t h e  c o m b u s t o r .  Mass f r a c t i o n s  o f  t h e  most  
a b u n d a n t  P A C  o b s e r v e d  i n  t h e  f r e e b o a r d  d u r i n g  AFBC o f  h i g h  v o l a t i l e  
b i t u m i n o u s  c o a l  were r e p o r t e d  by C h i u ,  e t  a 1  ( 1 9 8 3 ) .  Some c o r r e l a t i o n  
o f  t h e  r a t e s  o f  d i s a p p e a r a n c e  o f  P A C  w i t h  p a r t i c l e  c o n c e n t r a t i o n  was 
n o t e d  by D u t t a ,  Ch iu ,  Walsh,  Bee r , and  Bieniann ( 1 9 8 3 ) .  I n  t h e  p r e s e n t  
p a p e r  t h e o r e t i c a l  e s t i m a t e s  o f  t h e  r a t e s  a t  wh ich  P A C  m i g h t  be con- 
sumed by h e t e r o g e n e o u s  r e a c t i o n s  a r e  compared w i t h  e x p e r i m e n t a l  r a t e s  
e s t i m a t e d  from P A C  p r o f i l e s  d e t e r m i n e d  by Chiu e t  a 1  ( 1 9 8 3 ) .  

E x p e r i m e n t a l  

The PAC were d e t e r m i n e d  i n  s a m p l e s  t a k e n  i n  t h e  MJT AFBC Resea rch  
F a c i l i t y .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  f a c i l i t y  may be  found i n  a 
r e p o r t  by Be6r , S a r o f i m ,  Sandhu ,  A n d r e i ,  Bachovchin , Chan , Chaung , and 
S p r o u s e  ( 1 9 8 1 ) .  The combus to r  h a s  a s q u a r e  c r o s s  s e c t i o n  0 .6  m x 0.6  
n~ and a h e i g h t ,  from t h e  combus t ion  a i r  d i s t r i b u t o r  t o  t h e  o u t l e t ,  o f  
4 . 4  m. P r e v i o u s  p u b l i c a t i o n s  d e s c r i b e  t h e  p r o c e d u r e s  used  f o r  samp- 
l i n g ,  s e p a r a t i o n ,  and i d e n t i f i c a t i o n  of PAC ( C h i u  e t  a l ,  1 9 8 3 ) ,  perma- 
n e n t  g a s e s  ( W a l s h ,  Chaung, C u t t a ,  Eieer, and S a r o f i m ,  1 9 8 2 b ) ,  and bed 
p a r t i c l e s  (Walsh e t  a l ,  1 9 8 2 a ;  1 9 8 2 b ) .  

The AFBC was f i r e d  w i t h  Kentucky No. 9 h i g h  v o l a t i l e  b i t u m i n o u s  
c o a l  c r u s h e d  t o  m i n u s  6 .35  m m .  The a p p a r e n t  ASTM r a n k  o f  t h i s  c o a l  
was h i g h  v o l a t i l e  B b i t u m i n o u s .  O t h e r  c o a l  p r o p e r t i e s  a r e  g i v e n  by 
Chiu e t  a 1  ( 1 9 8 3 ) .  The bed m a t e r i a l  was Reed l i m e s t o n e  ( m i d d l e  l e d g e )  
c r u s h e d  t o  m i n u s  6 . 3 5  m m .  

The e x p e r i m e n t a l  c o n d i t i o n s  a t  which t h e  P A C  were measu red  a r e  
l i s t e d  i n  T a b l e  1 .  In t h e  s p e c i f i c a t i o n  o f  bed h e i g h t s ,  s a m p l i n g  
p o i n t s ,  e t c . ,  t h e  h e i g h t  above  t h e  d i s t r i b u t o r  is d e s i g n a t e d  by t h e  
symbol  z .  The t o p  o f  t h e  f l u i d i z e d  bed i s  a t  z = L f .  Ax ia l  p r o f i l e s  
o f  t e m p e r a t u r e  and t h e  mole f r a c t i o n s  o f  0 C O ,  N O ,  and CH4 a r e  shown 
i n  F i g u r e  1 .  The f r e e b o a r d  t e m p e r a t u r e  2 i n  t h i s  r u n  was r e l a t i v e l y  
low,  due  t o  c o o l i n g  o f  t h e  c o m b u s t i o n  p r o d u c t s  by h e a t  e x c h a n g e r  t u b e s  
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T a b l e  1 .  E x p e r i m e n t a l  n a t a  
-_ -- 
Run Number 

F r a c t i o n  of t h e o r e t i c a l  a i r :  

S u p e r f i c i a l  g a s  v e l o c i t y  based  on a v e r a g e  
bed t e m p e r a t u r e  and p r e s s u r e  a t  z I 0: 

W i n  i m u m  f l u i d i z a t i o n  v e l o c i t y  : 

F l u i d i z e d  bed h e i g h t :  

C a l c i  u m / s u l  f u r  f e e d  r a t  i o :  

S o l i d  d e n s i t y  o f  bed c h a r  p a r t i c l e s :  

S o l i d  d e n s i t y  o f  bed s t o n e  p a r t i c l e s :  

F reeboa rd  p r e s s u r e  : 

Average f r e e b o a r d  t e m p e r a t u r e  from z = 2.C t o  3.8 m: 

Average f r e e b o a r d  g a s  v e l o c i t y  from z = 2 . 0  t o  3 . 8  m :  

#ass -based  g e o m e t r i c  mean s i z e  o f  e l u t r i a t e d  
c h a r  p a r t i c l e s :  

Geometr ic  s t a n d a r d  d e v i a t i o n  o f  e l u t r i a t e d  
c h a r  p a r t i c l e  s i z e  d i s t r i b u t i o n :  

S p e c i f i c  s u r f a c e  a r e a - b a s e d  g e o m e t r i c  mean s i z e  
o f  e l u t r i a t e d  c h a r  p a r t i c l e s :  

Fiass-based g e o m e t r i c  mean s i z e  o f  e l u t r i a t e d  
s t o n e  p a r t i c l e s :  

Geomet r i c  s t a n d a r d  d e v i a t i o n  o f  e l u t r  i a  t e d  
s t o n e  p a r t i c l e  s i z e  d i s t r i b u t i o n :  

S p e c i f i c  s u r f a c e  a r e a - b a s e d  g e o m e t r i c  mean 
s i z e  o f  e l u t r i a t e d  s t o n e  p a r t i c l e s :  

Te rmina l  v e l o c i t y  o f  mean 
c h a r  p a r t i c l e s :  

T e r m i n a l  v e l o c i t y  o f  mean 
s t o n e  p a r t i c l e s :  

Sherwood numbers  o f  e l u t r  
s t o n e  p a r t i c l e s  

T o t a l  f l o w r a t e  of  e l u t r i a  

s i z e  e l u t r i a t e d  

s i z e  e l u t r i a t e d  

a t e d  c h a r  and 

e :  

Mass f r a c t i o n  c h a r  i n  e l u t r i a t e :  

C o n c e n t r a t i o n  o f  e n t r a i n e d  c h a r  i n  t h e  f r e e b o a r d :  

C o n c e n t r a t i o n  o f  e n t r a i n e d  s t o n e  i n  t h e  f r e e b o a r d :  

K10 

1.01 

1 .20  m / s  

0.18 m/s 

0 .65  m 

3 . 7  kmol/kmol 

336 kg/m3 

2163 kg/m3 

1 0 2 . 6  kPa 

964 K 

1 .18  m/s 

72 p m  

1.82 

60 um 

7 4  vrn  

2.67 

46 v m  

0.012 m/s 

0.046 m / s  

'L2 

C.01167 kg/ 

0 .063  

0.00169 kg/m3 

0 .0260 kg/m3 



l o c a t e d  a t  z = 0.8, 1 . 0 ,  and 1 . 2  m .  The bed m a t e r i a l  a t  t h e  s t a r t  o f  
t h e  r u n  was f r e s h  c a l c i n e d  l i m e s t o n e ,  t h e r e f o r e  t h e  r a t i o  o f  CaO t o  
CaS04 i n  t h e  bed i s  much h i g h e r  t h a n  would be  p r e s e n t  a f t e r  s u f f i c i e n t  
time had e l a p s e d  t o  a c h i e v e  s t e a d y  bed c o m p o s i t i o n .  

The mole f r a c t i o n s  o f  some o f  t h e  PAC i d e n t i f i e d  i n  s a m p l e s  t a k e n  
from t h e  f r e e b o a r d  a t  z = 1 . 6 ,  2.1 and 3.E m e r e  g i v e n  i n  T a b l e  2. 
These mole f r a c t i o n s  a r e  based  on t h e  volume o f  d r y  g a s  sampled .  
Tab le  2 i n c l u d e s  a l l  of t h e  compounds which were  i d e n t i f i e d  a t  more 
than  one h e i g h t .  The P A C  mole f r a c t i o n s  a r e  p l o t t e d  v s  h e i g h t  above  
t h e  d i s t r i b u t o r  i n  F i g u r e  2. Most o f  t h e  p r o f i l e s  i n d i c a t e  o n l y  n e t  
d e s t r u c t i o n  o f  PAC i n  t h e  r e g i o n  o f  t h e  measu remen t s .  There  i s  some 
e v i d e n c e  t h a t  p r o d u c t i o n  o f  PAC i s  o c c u r r i n g  i n  t h e  f r e e b o a r d ,  and a 
h i n t  t h a t  t h e r e  may b e  a peak mole f r a c t i o n  r e s u l t i n g  from t h e  com- 
b ined  p r o d u c t i o n  and consumpt ion  p r o c e s s e s  which t e n d s  t o  s h i f t  t o  
l o n g e r  t i m e s  ( h e i g h t s )  w i t h  i n c r e a s i n g  m o l e c u l a r  w e i g h t  ( compare  t h e  
p r o f i l e s  o f  n a p h t h a l e n e ,  p h e n a n t h r e n e ,  a n t h r a c e n e ,  and c h r y s e n e  i n  
F i g u r e s  2a and Z g ) .  However, much s i g n i f i c a n c e  c a n n o t  be a t t a c h e d  t o  
changes  i n  t h e  s l o p e s  o f  t h e  p r o f i l e s ,  b e c a u s e  t h e  u n c e r t a i n t y  i n  t h e  
r e p o r t e d  mole f r a c t i o n s  i s  a p p r o x i m a t e l y  +lOC, -50%. P s e u d o - f i r s t  
o r d e r  r a t e  c o e f f i c i e n t s ,  k e x p ,  were  d e r i v e d  from t h e  mole  f r a c t i o n s  a t  
z = 2.1 and 3.8 m :  

d C P A C  u - -  o d z  - -kexp  ‘PAC 1 )  

The d e f i n i t i o n s  o f  symbol s  may b e  found i n  t h e  Nomencla ture .  The 
v a l u e s  o f  k f o r  t h e  PAC i d e n t i f i e d  a t  z = 2. 1 and 3 . 8  m a r e  g i v e n  
i n  Table  2 F X p L a c k  o f  a s t r o n g  d e p e n d e n c e  o f  t h e  e x p e r i m e n t a l  r a t e  
c o e f f i c i e n t s  o n  o x y g e n ,  t e m p e r a t u r e ,  o r  compound, and t h e i r  t e n d e n c y  
t o  i n c r e a s e  w i t h  i n c r e a s i n g  p a r t i c l e  c o n c e n t r a t i o n  ( C u t t a  e t  a l ,  
19831,  s u g g e s t e d  t h a t  t h e  P A C  d e s t r u c t i o n  p r o c e s s  migh t  b e  h e t e r o -  
g e n e o u s ,  w i t h  s i g n i f i c a n t  r e s i s t a n c e  from e x t r a p a r t i c l e  d i f f u s i o n .  

He te rogeneous  Mechanisni f o r  D e s t r u c t i o n  o f  PAC- 

The mechanism o f  t h e  t r a n s f o r m a t i o n s  o f  P A C  i n  t h e  f r e e b o a r d  
g a s / p a r t i c l e  m i x t u r e  is  u n d o u b t e d l y  e x t r e m e l y  c o m p l i c a t e d .  The i n v e s -  
t i g a t i o n s  o f  l j i t t n e r  and Howard ( 1 9 8 1 a ;  1981b)  and Howard and E i t t n e r  
( 1 9 8 3 )  on t h e  r e a c t i o n s  o f  h y d r o c a r b o n  s p e c i e s  i n  benzene/oxygen 
f l a m e s  g i v e  an i n d i c a t i o n  o f  t h e  m a g n i t u d e  o f  t h e  p rob lems  which  may 
be  e n c o u n t e r e d  i n  t h e  f r e e b o a r d  g a s / p a r t i c l e  m i x t u r e .  Suppose  t h a t  we 
n e g l e c t  p r o d u c t i o n  o f  a g i v e n  P A C  by c h a r  d e v o l a t i l i z a t i o n ,  s y n t h e s i s  
from l i g h t e r  s p e c i e s ,  o r  f o r m a t i o n  by d e g r a d a t i o n  o f  h e a v i e r  s p e c i e s ;  
and t h a t  each  P A C  i s  d e g r a d e d  t o  non-PAC i n  i r r e v e r s i b l e ,  h e t e r o g e n -  
eous  r e a c t i o n s  w i t h  s o l i d  s p e c i e s  S i :  

PAC + Si kPAC’i  - p r o d u c t s  R 1 )  

he assume t h a t  t h e  f r e e b o a r d  g a d p a r t i c l e  m i x t u r e  is  i n  s t e a d y  p lug  
flow, and n e g l e c t  a x i a l  d i s p e r s i o n .  A r a t e  e x p r e s s i o n  based  on t h i s  
mechanism is:  
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T a b l e  2.  P o l y c y c l i c  Aromat i c  Compounds I d e n t i f i e d  a t  Two o r  T h r e e  
H e i g h t s  i n  t h e  F r e e b o a r d  

Kole F r a c t i o n s  x10 9 ( zv)bpAc D ~ ~ ~ - ~  

z = 1.6m ( d r y  b a s i s )  2 . lm 3.8m k e x p  (Hz)  (m3/kmol)  ( m  x p 4 2  ,s) Corn po u n d 

ben  zo f u r  an  
n a p h t h a l e n e  99 1 
b e n z o (  b )  t h i o p h e n e  112 
q u i n o l i n e  1 7 .  1 
2-methyl n a p h t h a 1  e n e  2 5 . 6  
3 -me thy lbenzo(  b )  t h i o p h e n e  2 . 8 0  
1 -me t h y  1 n a ph t h a 1 e n  e 2 5 . 0  
b i p h e n y l  88 .  1 
e t h y l n a p h t h a l e n e  2 . 9 5  
a c  e n a  ph t h  y l  e n  e 45 .4  
a c e n a p h t h e n e  2 . 1 9  
1 -c y a n o n a p h t h a l e n e  6 . 5 3  
d i b e n  zo f u r  an  44.3 
rnethyld i b e n  z o f u r a n  . 7 9  
9- f l  uo renone  1 0 . 3  
d i b e n z o t h i o p h e n e  2 3 . 8  
p h e n a n t h r e n e  125 
a n t h r a c e n e  9 . 5 3  
fl u o r a n  t h e n e  6 .  07 
benzo(def)dibenzothiophene 2 . 4 3  
p y r  ene 4. 13 
c h r y s e n e  1 . 0 5  

2 2 . 5  5. 7za 
3 2 4  

3 3 . 0  
2.11 
8 . 8 1  

.10  
6 . 2 3  

. g o  

. 4 1  
1 .15 

.59  
2 . 5 0  
9 .49  

e. 43 

7.34 

3 . 4 2  

2 3 . 7  

1 1 . 2  

1 9 . 8  

6 4 . 7  

14. 6 

1 2 . 0  

. 093a 2 . 9  
1.4c 3 . 8  
. C70 4 . 3  

. 2 4 4  2 . 5  

. 3 . 5  

. l e 2  3.4 

- - 
- - 

- - 
- - 
- - 

. 108 3 . 6  

. 109 2 . 2  
- - 

. I 9 3  2 . 7  

. 204  4 . 0  

- - 
. l o 1  2 . 4  

. 109 .577 

. 1 4 0  . 515  

. 1 2 0  . 5 4 8  

. 161 .479 

. 161 .479 

. 1 7 7  .455  

- - 
- - 

- - 

- . -  

. 159 .475  

. 195 .431 

. 1 7 c  . 4 5 8  . 190 . 4 3 6  

- - 

- - 
- - 
- - 

. 2 4 0  . 3  85 
-- 

a .  I n  t h e  g a s  c h r o m a t o g r a p h i c  s e p a r a t i o n  t h i s  compound c o f l u t e d  w i t h  
a n o t h e r  compound. The amoun t  i n d i c a t e d  is a n  e s t i m a t e  based  on 
t h e  r e l a t i v e  i n t e n s i t i e s  o f  p e a k s  c h a r a c t e r i s t i c  o f  t h e  t w o  com- 
pounds i n  t h e  mass  s p e c t r u m .  

b .  F u l l e r ,  S c h e t t l e r ,  and G i d d i n g s  ( 1 9 6 6 ) .  

2 5 4  
\ 



d C P A C  
" b A C , i C P A C  o d z  - -  u - -  3 )  

where k '  P A C  i ,  t h e  e f f e c t i v e  r a t e  c o e f f i c i e n t  f o r  t h e  h e t e r o g e n e o u s  
r e a c t i o n  of  P A C  w i t h  s o l i d  s p e c i e s  i ,  c o n t a i n s  t h e  s e q u e n t i a l  p r o -  
c e s s e s  o f  d i f f u s i o n  o f  P A C  t o  t h e  s u r f a c e s  o f  p a r t i c l e s ,  and t h e  
h e t e r o g e n e o u s  r e a c t i o n  a t  t h e  s u r f a c e s :  

P .  

k b A C , i  = __ 7+-- 
i C P A C  P A C ,  is i ' P A C ,  i 

Q i  Prd: 

4 )  

I n  o r d e r  t o  e v a l u a t e  t h i s  r a t e  c o e f f i c i e n t  we r e q u i r e  e s t i m a t e s  o f  t h e  
c o n c e n t r a t i o n ,  d i a m e t e r ,  s o l i d  d e n s i t y ,  and s p h e r i c i t y  o f  e a c h  pa r -  
t i c l e  s p e c i e s ,  and t h e  d i f f u s i o n  c o e f f i c i e n t s  o f  t h e  P A C .  

F r e e b o a r d  P a r t i c l e  P r o p e r t i e s  

High p a r t i c l e  c o n c e n t r a t i o n  i s  zn i m p o r t a n t  f e a t u r e  o f  t h e  f r e e -  
board  f l o w ,  however p rec i se  measu remen t s  of t h e  p a r t i c l e  c o n c e n t r a -  
t i o n s  a r e  d i f f i c u l t .  The p rob lems  a r i s e  from t h e  f a c t s  t h a t  l a r g e  
p a r t i c l e s  ( >  300 u r n )  a r e  moving bo th  upward and downward w i t h  d i s t r i -  
b u t e d  v e l o c i t i e s ;  and t h a t  s m a l l  p a r t i c l e s  (5, 300 p m ) ,  which  a r e  
moving p r i m a r i l y  upward ,  have  v e l o c i t i e s  which depend on p a r t i c l e  s i z e  
and d e n s i t y .  I s o k i n e t i c  s ampl ing  o f  t h e  p a r t i c l e s  i s  t h e r e f o r e  n o t  
p o s s i b l e .  C o n c e n t r a t i o n s  o f  p a r t i c l e s  i n  t h e  bed a r e  u s u a l l y  d e t e r -  
mined from measuremen t s  o f  d i f f e r e n t i a l  p r e s s u r e .  T h i s  t e c h n i q u e  can  
o n l y  be used i n  t h e  f r e e b o a r d  a t  low s u p e r f i c i a l  v e l o c i t y  when p r e s -  
s u r e  f l u c t u a t i o n s  a r e  n o t  l a r g e  w i t h  r e s p e c t  t o  t h e  c h a n g e s  i n  p r e s -  
sure  d u e  t o  t h e  p r e s e n c e  o f  p a r t i c l e s ,  T h i s  c o n d i t i o n  i s  u s u a l l y  n o t  
met d u r i n g  combus t ion  measu remen t s .  An a l t e r n a t i v e ,  a p p r o x i m a t e  
method f o r  t h e  d e t e r m i n a t i o n  o f  p a r t i c l e  c o n c e n t r a t i o n s  h a s  been 
deve loped  i n  o r d e r  t o  e s t i m a t e  t h e  r a t e s  o f  h e t e r o g e n e o u s  r e a c t i o n s .  

The p a r t i c l e s  a r e  c l a s s i f i e d  by t h e i r  t e r m i n a l  v e l o c i t i e s  i n t o  
two g r o u p s :  l a r g e  p a r t i c l e s  ( t e r m i n a l  v e l o c i t i e s  g r e a t e r  t h a n  t h e  
mean g a s  v e l o c i t y )  and s m a l l  p a r t i c l e s  ( t e r m i n a l  v e l o c i t y  less  than  
t h e  mean g a s  v e l o c i t y ) .  The d e p e n d e n c e  o f  t h e  f l u x  o f  l a r g e  p a r t i c l e s  
on h e i g h t  i n  t h e  f r e e b o a r d  i s  measured  by c a t c h i n g  d e s c e n d i n g  p a r t i -  
c l e s  i n  cups  p l a c e d  a t  s e v e r a l  h e i g h t s  above  t h e  bed ( W a l s h ,  Mayo, and 
Eee'r, 1 9 8 3 ) .  The c o n c e n t r a t i o n  o f  l a r g e  p a r t i c l e s  i s  e s t i m a t e d  from 
t h e  f l u x  measu remen t s  by a method proposed  by Walsh ,  Yokozek i ,  and 
Ee6r ( 1 9 8 2 ) .  The b a s i s  o f  t h i s  e s t i m a t e  i s  an assumed i n i t i a l  v e l o -  
c i t y  d i s t r i b u t i o n  ( G a u s s i a n )  o f  p a r t i c l e s  l e a v i n g  t h e  bed s u r f a c e .  
For a g i v e n  p a r t i c l e  f l u x  a t  t h e  bed s u r f a c e ,  a g i v e n  s t a n d a r d  d e v i a -  
t i o n  o f  t h e  v e l o c i t y  d i s t r i b u t i o n ,  and t h e  a s s u m p t i o n s  o f  n e g l i g i b l e  
d r a g  and t o t a l  r e f l u x ;  b o t h  t h e  f l u x  and c o n c e n t r a t i o n  o f  p a r t i c l e s  a t  
a g i v e n  h e i g h t  a r e  u n i q u e l y  d e t e r m i n e d .  I n  t h i s  way t h e  l a r g e  p a r t i -  
c l e  c o n c e n t r a t i o n s  can  be e s t i m a t e d  from t h e  f l u x  measu remen t s .  

The s m a l l  e n t r a i n e d  p a r t i c l e s  a r e  p r e c i p i t a t e d  by c y c l o n e s  from 
t h e  e x h a u s t ,  so t h e i r  f l u x  a t  t h e  f r e e b o a r d  e x i t  i s  known. By assum- 
i n g  t h a t  t h e y  move o n l y  upward a t  a c o n s t a n t  v e l o c i t y  e q u a l  t o  t h e  
mean g a s  v e l o c i t y  m i n u s  t h e  t e r m i n a l  v e l o c i t y  o f  t h e  mean s i z e  p a r t i -  
c l e s ,  t h e i r  c o n c e n t r a t i o n  can  a l s o  be  e s t i m a t e d .  E r r o r s  i n  t h i s  
e s t i m a t e  may a r i s e  f rom:  
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1. Cyclone  c o l l e c t i o n  e f f i c i e n c y  less  t h a n  1 .  
2. SO2 a n d / o r  C02 r e a c t i o n s  w i t h  s t o n e  and combus t ion  o f  c h z r  i n  

t h e  f r e e b o a r d  and e x h a u s t  p i p e  b e f o r e  t h e  c o l l e c t i o n  p o i n t .  
3. R e f l u x i n g  o f  t h e  s m a l l  p a r t i c l e s  down t h e  f r e e b o a r d  wa l l  

(Pember ton  and C a v i d s o n ,  1 9 8 3 ) .  

P robob ly  t h e  most  i m p o r t a n t  p r o b l e m ,  however ,  i s  i n  t h e  i n i t i a l  
a s s u m p t i o n :  t h a t  t h e  p a r t i c l e s  can  be d i v i d e d  i n t o  two g r o u p s  having  
mean s i z e s  i n d e p e n d e n t  o f  h e i g h t .  The p a r t i c l e  s i z e  and v e l o c i t y  
d i s t r i b u t i o n s  unde rgo  c o n t i n u o u s  e v o l u t i o n  from t h e  t o p  o f  t h e  bed 
( and  even w i t h i n  t h e  bed i t s e l f )  t o  t h e  combus to r  o u t l e t .  A more 
d e t a i l e d  c a l c u l a t i o n  can  be  made by machine  c o m p u t a t i o n ,  b u t  t h e  v a l u e  
o f  s u c h  an e f f o r t  i s  t o  some ex ten t  n e g a t e d  by t h e  l a c k  o f  exper imen-  
t a l  d a t a  w i t h  which t o  compare  t h e  p r e d i c t i o n s .  

T h e  mass-based p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  s t o n e  and c h a r  
p a r t i c l e s  i n  a s ample  o f  t h e  e l u t r i a t e  p r e c i p i t a t e d  i n  t h e  c y c l o n e s  
d u r i n g  t h e  p r e s e n t  e x p e r i m e n t  a r e  shown i n  F i g u r e  3. The mass  f r a c -  
t i o n s  o f  s t o n e  and c h a r  i n  t h e  e l u t r i a t e  were c a l c u l a t e d  from t h e  
h e a t i n g  v a l u e  o f  t h e  m a t e r i a l  i n  e a c h  s i z e  r a n g e .  The h e a t i n g  v a l u e  
of p u r e  c h a r  was e s t i m a t e d  u s i n g  C u l o n g ' s  f o r m u l a  w i t h  a c o m p o s i t i o n  
d e r i v e d  from t h e  u l t i m a t e  and p r o x i m a t e  a n a l y s e s  o f  t h e  c021 .  T h e  
s p e c i f i c  s u r f a c e  a r e a - b a s e d  mean p a r t i c l e  s i z e s  were c a l c u l a t e d  from 
t h e  s t a n d a r d  d e v i a t i o n  and mass -based  mean s i zes  ( I r a n i  and C a l l i s ,  
1 9 6 3 ) .  The s p h e r i c i t y  o f  t h e  e n t r a i n e d  s t o n e  and c h a r  p a r t i c l e s  was  
e s t i m a t e d  t o  b e . 0 . 5 ;  t h e i r  s o l i d  d e n s i t i e s  were assumed t o  be t h e  
same a s  t h o s e  o f  t h e  l a r g e r  s t o n e  and c h a r  p a r t i c l e s  t a k e n  from t h e  
bed .  Te rmina l  v e l o c i t i e s  o f  t h e  p a r t i c l e s  were  c a l c u l a t e d  u s i n n  t h e  
c o r r e l a t i o n  o f  P e t t y j o h n  and C h r i s t i a n s e n  ( 1 9 4 8 ) .  The p r o p e r t i e s  o f  
t h e  e n t r a i n e d  p a r t i c l e s  a r e  summar ized  i n  T a b l e  1 .  

The r e f l u x i n g  p a r t i c l e s  were  assumed t o  have  t h e  same s i z e ,  
s p h e r i c i t y ,  and s o l i d  d e n s i t y  a s  bed p a r t i c l e s .  S p e c i f i c  s u r f a c e  
a r e a - b a s e d  mean s i z e s  o f  t h e  bed s t o n e  and c h a r  p a r t i c l e s  were 780 and 
2900 m ,  r e s p e c t i v e l y .  The mass  f r a c t i o n  o f  c h a r  i n  t h e  bed and 
r e f l u x i n g  p a r t i c l e s  i s  o n l y  C.43  w t  5 .  

T o t a l  p a r t i c l e  c o n c e n t r a t i o n s  e s t i m a t e d  i n  t h e  p r e s e n t  e x p e r i m e n t  
by  t h e  approx ima te  me thods  o u t l i n e d  above  a r e  shown i n  F i g u r e  4 .  The 
bed p a r t i c l e  c o n c e n t r a t i o n s  were  d e t e r m i n e d  from measuremen t s  o f  
d i f f e r e n t i a l  p r e s s u r e ,  t h e  r e f l u x i n g  p a r t i c l e s  from t h e  s a m p l e s  c o l -  
l e c t e d  i n ,  t h e  c u p s ,  and t h e  e n t r a i n e d  p a r t i c l e s  from t h e  c y c l o n e  
c a t c h .  An e x p l a n a t i o n  o f  t h e  second  c u r v e  on F i g u r e  4 i s  g i v e n  i n  t h e  
C i s c u s s i o n  s e c t i o n .  

M o l e c u l a r  D i f f u s i o n  C o e f f i c i e n t s  o f  P o l y c y c l i c  Aromat i c  Compounds 

Ex per imen t a l  m e a s u r e m e n t s  o f  t h e  m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t s  
o f  PAC a r e  r a r e .  C i f f u s i o n  c o e f f i c i e n t s  i n  a i r  a t  a t m o s p h e r i c  p r e s -  
s u r e  have  been r e p o r t e d  f o r  n a p h t h a l e n e  and b i p h e n y l  a t  298 K ,  a n t h r a -  
c e n e  a t  372 K (Mack, 1 9 2 5 ) ,  and b i p h e n y l  a t  4 9 1  K ( G i l l i l a n d ,  1 9 3 4 ) .  
Howard and E i t t n e r  (1983)  d e t e r m i n e d  d i f f u s i o n  c o e f f i c i e n t s  o f  heavy 
s p e c i e s  (W = 200 t o  750 kg /kmol )  from c o n c e n t r a t i o n  p r o f i l e s  measured  
i n  a n e a r - s o o t i n g  b e n z e n e / o x y g e n / a r g o n  f l a m e  ( e q u i v a l e n c e  r a t i o  1 . 8 ) ,  
i n  a r e g i o n  of t h e  f l ame  where  t h e  s l o p e s  o f  t h e  s p e c i e s  p r o f i l e s ,  
d a n C / d z ,  were d e t e r m i n e d  o n l y  by  d i f f u s i o n .  T h e  p r e s s u r e  i n  t h e  
f l a m e ,  and t h e  t e m p e r a t u r e  i n  t h e  r e g i o n  o f  t h e  measu remen t s  were  2 .67  
kPa and 1800 K ,  r e s p e c t i v e l y .  Assuming t h a t  t h e  s p e c i e s  o b s e r v e d  were  
p o l y c y c l i c  a r o m a t i c  h y d r o c a r b o n s ,  Howard and E i t t n e r  e s t i m a t e d  t h e i r  
d i f f u s i o n  c o e f f i c i e n t s  a t  300 K from t h e  c o r r e l a t i o n  o f  F u l l e r ,  
S c h e t t l e r ,  and C i d d i n g s  ( 1 9 6 6 1 ,  u s i n g  t h e  t e m p e r a t u r e  dependence  
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d e r i v e d  from t h e  L e n n a r d - J o n e s  12-6 p o t e n t i a l ,  a s  recommended b y  
Sherwood,  P i g f o r d ,  and Wilke ( 1 9 7 5 ) .  T h e  a p p r o x i m a t i o n  g i v e n  by  
F r i s t r o m  a n d  Westenberg ( 1 9 6 5 )  t o  t h e  t e m p e r a t u r e  dependence  o f  t he  
d i f f u s i o n  c o l l i s i o n  i n t e g r a l  was u s e d .  The c o r r e l a t i o n  o f  F u l l e r  e t  
a l ,  w i t h  t h i s  m o d i f i c a t i o n ,  b e c o m e s  ( i n  S I  u n i t s ) :  

Howard and B i t t n e r  (1983)  r e p o r t e d  good ag reemen t  between t h e i r  expe r -  
i m e n t a l  d i f f u s i o n  c o e f f i c i e n t s  and t h o s e  e s t i m a t e d  from t h e  modi f ied  
c o r r e l a t i o n ,  The d i s c r e p a n c i e s  between e s t  iniated v a l u e s  a n d  t h e  
e x p e r i m e n t a l  v a l u e s  f o r  PAC r e p o r t e d  b y  Mack ( 1 9 2 5 ) ,  C i l l i l a n d  ( 1 9 3 4 ) ,  
and Howard and B i t t n e r  (1983)  a r e  * 10 t o  1 5 % .  

E s t i m a t e s  of  t h e  b i n a r y  d i f f u s i o n  c o e f f i c i e n t s  of  PAC i n  N u s i n g  
Equa t ion  5 a r e  l i s t e d  i n  Tab le  2. The p r o c e d u r e  g i v e n  by F u l l e ?  e t  a 1  
( 1 9 6 6 )  f o r  t h e  e s t i m a t i o n  of t h e  m o l e c u l a r  d i f f u s i o n  volumes from 
a omic d i f f u s i o n  volumes was f o l l o w e d .  7he volume i n c r e m e n t  - 0 . 0 2 0 2  
m /kmol was added f o r  each  a r o m a t i c  a n d  h e t e r o c y c l i c  r i n g ,  b u t  n o t  fo r  
t h e  r i n g  c o n t a i n i n g  t h e  k e t o  g roup  i n  9 - f l u o r e n o n e .  

5 

D i s c u s s i o n  

An upper l i m i t  on t h e  r a t e  c o e f f i c i e n t  f o r  t h e  s u r f a c e  r e a c t i o n  
can  be e s t i m a t e d  from t h e  p r o d u c t  o f  t h e  f r e q u e n c y  of  c o l l i s i o n s  of 
t h e  PAC w i t h  u n i t  a r e a  of  a s u r f a c e  a n d  t h e  p a r t i c l e  e x t e r n a l  s u r f a c e  
a r e a  pe r  u n i t  volume of  g a s :  

6 )  

U s i n g  t h e  e n t r a i n e d  p a r t i c l e  p r o p e r t i e s  i n  Tab le  1 t h e  upper  l i m i t s  
f o r  n a p h t h a l e n e  a t  964 K a r e  310 and  100  Hz f o r  t h e  s t o n e  and char  
p a r t i c l e s ,  r e s p e c t i v e l y .  

The r a t e  c o e f f i c i e n t  f o r  t h e  d i f f u s i o n  p r o c e s s  i s  e q u a l  t o  

6 S h i D P A C  - 0: 7 )  

U s i n g  t h e  e l u t r i a t e d  p a r t i c l e  p r o p e r t i e s  from Tab le  1 and t h e  d i f f u -  
s i o n  c o e f f i c i e n t  f o r  n a p h t h a l e n e  i n  N 2  f rom T a b l e  2 ,  v a l u e s  o f  7 a n d  
2 Hz a r e  o b t a i n e d  f o r  t h e  s t o n e  a n d  c h a r ,  r e s p e c t i v e l y .  The r a t e  
c o e f f i c i e n t  f o r  t h e  s u r f a c e  r e a c t i o n  i s  t h e r e f o r e  e s t i m a t e d  t o  be more 
r a p i d  t h a n  t h a t  f o r  e x t e r n a l  d i f f u s i o n  f o r  v a l u e s  of t h e  s t i c k i n g  
c o e f f i c i e n t s  g r e a t e r  t h a n  a b o u t  C . 0 2 .  I f  t h e  s t i c k i n g  c o e f f i c i e n t  
were s u f f i c i e n t l y  l a r g e ,  s a y  .> 0 . 1 ,  t h e  e x p e r i m e n t a l  r a t e  c o e f f i c i e n t  
would be a p p r o x i m a t e l y  e q u a l  t o  t h e  d i f f u s i o n  l i m i t e d  r a t e  c o e f f i c i e n t  
g iven  b y  Equat ion  7 .  

I n  g e n e r a l  t h e  c o n c e n t r a t i o n  of  p a r t i c l e s ,  P . ,  i s  a f u n c t i o  
h e i g h t ,  a s  shown i n  F i g u r e  4 .  However, t h e  q u a n t i t y  z b S h . p . / $ . p * d .  1 s  
dominated  b y  t h e  a p p r o x i m a t e l y  c o n s t a n t  c o n c e n t r a t i o n  o f  ' s r i a l t  $ a h t i -  
c l e s  o v e r  most of  t h e  h e i g h t  of t h e  f r e e b o a r d  unde r  t h e  p r e s e n t  c o n d i -  
t i o n s ,  shown  b y  t h e  second c u r v e  i n  F i g u r e  4 .  We mey t h e r e f o r e  base  
e s t i m a t e s  of  t h e  d i f f u s i o n  l i m i t e d  r a t e  c o e f f i c i e n t s  from Equa t ion  7 
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on t h e  p r o p e r t i e s  o f  t h e  s m a l l  p a r t i c l e s  a l o n e .  

The c a l c u l a t e d  r a t e  c o e f f i c i e n t s  f o r  d e s t r u c t i o n  of PAC b y  d i f f u -  
s i o n  l i m i t e d  s u r f a c e  r e a c t i o n s  on t h e  s m a l l  s t o n e  and c h a r  p a r t i c l e s  
a r e  p l o t t e d  v s .  P A C  d i f f u s i o n  c o e f f i c i e n t  i n  F i g u r e  5.  The r a t e  
c o e f f i c i e n t  f o r  s i m u l t a n e o u s  d i f f u s i o n  c o n t r o l l e d  d e s t r u c t i o n  on both  
t y p e s  of p a r t i c l e s  i s  t h e  s u m  o f  t h e  v a l u e s  shown f o r  s t o n e  and  c h a r .  
The d a t a  p o i n t s  a r e  t h e  e x p e r i m e n t a l  r a t e  c o e f f i c i e n t s  d e t e r m i n e d  from 
t h e  PAC mole  f r a c t i c n s  a t  z = 2. 1 a n d  3 .8  m .  

Any v a l u e s  o f  t h e  e x p e r i m e n t a l  r a t e  c o e f f i c i e n t s  which a r e  equa l  
t o ,  o r  l e s s  t h a n  t h e  t h e o r e t i c a l  upper  l i m i t  ( s u m  o f  s t o n e  and c h a r  
v a l u e s )  a r e  c o n s i s t e n t  w i t h  t h e  model .  S i n c e  t h i s  c o n d i t i o n  i s  n o t  
d i f f i c u l t  t o  s a t i s f y  t h e  l o c a t i o n  o f  t h e  e x p e r i m e n t a l  p o i n t s  below t h e  
upper  l i m i t  i s  l i t t l e  more t h a n  2 j u s t i f i c a t i o n  f o r  f u r t h e r  t e s t i n g  
and e x a m i n a t i o n  o f  t h e  mode l .  However, t h e  c o n s i s t e n c y  o f  t h e  d a t a  
p o i n t s  ( f a c t o r  o f  2 )  i s  i n t e r e s t i n g .  I f  t h e  s i m i l a r i t y  o f  t h e  v a l u e s  
o f  t h e  e x p e r i m e n t a l  r a t e  c o e f f i c i e n t s  i s  n o t  due  t o  s i g n i f i c a n t  
d i f f u s i o n  r e s i s t a n c e ,  t h e n  t h e  r a t e  c o e f f i c i e n t s  f o r  t h e  n e t '  d e s t r u c -  
t i o n  o f  P A C  b y  h e t e r o g e n e o u s  a n d / o r  homogeneous r e a c t i o n s  a r e  r a t h e r  
i n s e n s i t i v e  t o  m o l e c u l a r  s t r u c t u r e .  The l o c a t i o n  o f  t h e  e x p e r i m e n t a l  
p o i n t s  between t h e  r a t e  c o e f f i c i e n t s  f o r  d i f f u s i o n  l i m i t e d  r e a c t i o n  on 
s t o n e  and c h a r  i s  an i n d i c a t i o n  t h a t  a t  l e a s t  p a r t  o f  t h e  s t o n e  i s  
p a r t i c i p a t i n g  i n  t h e  r e a c t i o n .  Such a c o n c l u s i o n  i s  n o t  j u s t i f i e d  
however  , c o n s i d e r i n g  t h e  a s s u m p t i o n s  a n d  a p p r o x i m a t i o n s  used i n  t h e  
model and c a l c u l a t i o n s .  The r e a c t i o n  m i g h t  be o c c u r r i n g  o n l y  on t h e  
c h a r .  If t h e  PAC d e s t r u c t i o n  were o n l y  v i a  h e t e r o g e n e o u s  r e a c t i o n s  
t h e  i n t e r c e p t  o f  a l i n e  t h r o u g h  t h e  d a t a  p o i n t s  would be z e r o  a t  D p A C  
= 0. The e x t r a p o l a t e d  v a l u e  is  a p p r o x i m a t e l y  0 .7  Hz. 

Conc lus ion  

A h e t e r o g e n e o u s  mechanism f o r  d e s t r u c t i o n  o f  P A C  i n  t h e  A F B C  
f r e e b o a r d  c o u l d  n o t  be r u l e d  o u t  by compar ison  w i t h  t h e  r a t e s  of  
d i s a p p e a r a n c e  o f  2 t o  4 r i n g  P A C  a t  one  s e t  o f  o p e r a t i n g  c o n d i t i o n s .  
If  h e t e r o g e n e o u s  r e a c t i o n s  a r e ,  i n  f a c t ,  r e s p o n s i b l e  f o r  P A C  d e s t r u c -  
t i o n ,  a more d e t a i l e d  model a c c o u n t i n g  f o r  p r o d u c t i o n  o f  PAC and  
f i n i t e  r a t e s  o f  t h e  s u r f a c e  r e a c t i o n s  may be needed .  The r e l a t i v e  
i m p o r t a n c e  o f  s t o n e  a n d  c h a r  p a r t i c l e s  can  o n l y  be d e t e r m i n e d  b y  
a d d i t i o n a l  m e a s u r e m e n t s  ove r  a r a n g e  o f  r a t i o s  o f  t h e  c h a r / s t o n e  
c o n c e n t r a t i o n s .  The p o s s i b i l i t y  t h a t  o n l y  a f r a c t i o n  o f  t h e  s u r f a c e  
a r e a  o f  e a c h  t y p e  o f  p a r t i c l e  i s  u t i l i z e d ,  due  t o  nonuni form s u r f a c e  
c o m p o s i t i o n ,  w i l l  be d i f f i c u l t  t o  a s s e s s .  E e t t e r  s p a t i a l  r e s o l u t i o n  
o f  t h e  P A C  p r o f i l e s  i s  needed .  
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